Introduction
the addition of a single residue of O-linked N-acetylglucosamine (O-glcNac) is a post-translational modification of proteins that takes place in the nuclear and cytosolic compartments of eukaryotic cells. Since its initial discovery in 1984 by Hart and colleagues, O-glcNac modification has been described for a large and still increasing number of proteins, many of which are key modulators of cellular signalling. O-glcNac modifications are catalysed by a glycosyltransferase named O-linked N-acetylglucosaminyltransferase (Ogt), and are removed by the antagonistic enzyme β-N-acetylglucosaminidase (O-glcNacase; Holt et al, 1987; Kreppel et al, 1997; Lazarus et al, 2006) . a scheme depicting the O-glcNacylation of proteins and the enzymes catalysing this post-translational modification is presented in Fig 1. accumulating evidence indicates that, analogous to phosphorylation, O-glcNac modification of proteins has a key role in regulating protein activity. in some cases, O-glcNac addition has been mapped to the same site that is modified by serine/threonine (Ser/thr) protein kinases, implying that the two modifications might compete for the same site (cheng et al, 2000; cheng & Hart, 2001; chou et al, 1995; Hart et al, 2007; Kelly et al, 1993) . O-glcNac modification of a Ser/thr hydroxyl group can result in quantifiable differences in the properties of the protein as compared to O-phosphate modification of the same group (Hart et al, 2007) . For example, in hepatic cells, phosphorylation of the cyclic aMp-response-element-binding (crEB) coactivator (crtc2) at Ser 70 and Ser 171 promotes its interaction with 14-3-3 proteins and the retention of crtc2 in the cytosol. By contrast, O-glycosylation at the same sites initiates the translocation of crtc2 into the nucleus, where this factor regulates the expression of genes involved in gluconeogenesis (Dentin et al, 2008) .
O-glcNacylation not only has a role in normal cellular signalling, but its faulty regulation might also be involved in neurodegenerative diseases, diabetes mellitus and cancer (Hanover, 2001; Hart et al, 2007) . More recently, evidence for the importance of O-glcNac signalling in the immune system was reported (golks et al, 2007; table 1) . Here, we briefly summarize what is known about the enzymes controlling O-glcNac protein modification and their role in cellular signalling. We then focus on recent advances concerning the involvement of O-glcNac signalling in the regulation of the immune system.
Enzymes involved in O-GlcNAc signalling
O-glcNac modifications have been found in the intracellular compartments of multicellular organisms. the level of this reversible modification changes in response to cellular stress, extracellular stimuli and cell-cycle progression, and during cellular development. using uDp-glcNac as the substrate, Ogt catalyses the transfer of a single O-glcNac to the hydroxyl group of Ser/thr residues in target proteins. Ogt has been identified in several eukaryotic organisms including humans, rats, mice, Caenorhabditis elegans and Arabidopsis, but it is absent in Saccharomyces cerevisiae . Only one gene for Ogt has been identified and its sequence is highly conserved among the different species.
Ogt transcripts are ubiquitously expressed, but they are particularly enriched in the β-cells of the islets of Langerhans in the pancreas, brain, skeletal and cardiac muscles, and fat tissue (Hanover et al, 1999; Kreppel et al, 1997; Lubas et al, 1997; roos et al, 1998) . a single copy of the Ogt gene is encoded by the X chromosome in mice and humans. Ogt-knockout mice that carry a generalized deletion of the gene die prenatally (Nolte & Muller, 2002; Shafi et al, 2000) , indicating an important role for Ogt during embryogenesis. three splice variants of Ogt have been described, which differ in their cellular localization (nuclear/ cytosolic or mitochondrial) and length Love et al, 2003) . the role of the mitochondria-located Ogt variant is still poorly understood.
analysis of the crystal structure of the regulatory-aminoterminal-domain revealed that Ogt acts as a dimer ( Jinek et al, 2004) . the N terminus of Ogt comprises 11 tetratricopeptide repeats (tprs), whereas the carboxyl terminus contains the catalytic domain and a phosphatidylinositol (3,4,5)-trisphosphate (ptdins(3,4,5)p 3 )-binding domain (Kreppel et al, 1997; Lubas et al, 1997; yang et al, 2008) . tprs are found in a domain mediating protein-protein interactions, and there is evidence that the tpr domain has a role in the binding of Ogt to γ-aminobutyric acid type a (gaBa a ) receptor-interacting factor 1 (griF1), N-acetylglucosamine transferase-interacting protein 106 (Oip106) and the mouse co-repressor SiN3a yang et al, 2002) . the tpr domain might also have a role in regulating the subcellular distribution of Ogt yang et al, 2002) . recently, the c-terminal ptdins(3,4,5)p 3 -binding domain was shown to mediate the recruitment of Ogt to the plasma membrane in response to insulin stimulation and phosphatidyl-3-OH-kinase (pi(3)K) activation (yang et al, 2008) .
O-glcNac is removed from proteins by the hexosaminidase O-glcNacase, which is a 103-kDa protein (gao et al, 2001) . O-glcNacase co-purifies with other proteins and might form a large multi-subunit complex with other cellular components (gao et al, 2001; Wells et al, 2002) . O-glcNacase consists of an N-terminal hexosaminidase domain and a c-terminal histone acetyltransferase (Hat) domain (comtesse et al, 2001; Farook et al, 2002; gao et al, 2001; toleman et al, 2004) .
O-glcNacase-or at least the function mediating intracellular O-glcNac modifications-can be inhibited by a substance called O-(2-acetamido-2-deoxy-d-glucopyranosylidene)amino-N-phenylcarbamate (pugNac) or by another potent compound called 1,2-dideoxy-2'-methyl-α-d-glucopyranoso[2,1-d]-∆ 2'-thiazoline (Nag-thiazoline; Whitworth et al, 2007) . there are no specific inhibitors for studying Ogt in vivo (Haltiwanger et al, 1998) ; however, two recent publications identified inhibitors of Ogt in biochemical assays, raising the hope that such tools might soon become available (gross et al, 2005, 2008) .
O-GlcNAc modifications in intracellular signalling
it was initially thought that the activity of Ogt was solely regulated by changes in the concentration of its substrate uDpglcNac (Hart et al, 2007) . uDp-glcNac is a glucose sensor and its concentration strongly depends on the metabolic state of the cell. Nevertheless, this process is too slow to explain shortlived changes in the level of O-glcNac-modified proteins (golks et al, 2007) . recently, a study performed in a brain cell line indicated that Ogt is activated through phosphorylation by calciumcalmodulin-dependent protein kinase iV (caMKiV) in response to potassium-chloride-induced depolarization (Song et al, 2007) . another study showed that the specific binding of Ogt to inositolphosphate lipids can regulate the cellular localization of Ogt (yang et al, 2008) . a pi(3)K-dependent increase of ptdins(3,4,5)p 3 resulted in the enrichment of Ogt at the plasma membrane, with a consequent increase of O-glcNac modification of enzymes involved in insulin signalling (Fig 2) . this process was shown to have a strong effect on the sensitivity of insulin signalling in cellular systems. regulatory mechanisms that affect Ogt activity and the potential consequences of O-glcNac modification are summarized in Fig 2 . 
O-GlcNAc signalling in human diseases
accumulating evidence implies that defects in the regulation of O-glcNac modifications are involved in human diseases, including diabetes mellitus, neurodegenerative diseases and cancer, although the biochemical details of these processes are still poorly understood (Sidebar a; Dias & Hart, 2007; Hanover, 2001) . Some of the proteins that have a role in the pathology of human diseases have been shown to be directly modified by O-glcNac. For instance, the Ser/thr kinase aKt, pi(3)K, insulin receptor substrate 1, glycogen synthase and endothelial nitric oxide synthase-all of which are enzymes that have a crucial role in insulin signalling-are reversibly modified by Ogt. a recent study showed that the recruitment of Ogt to the plasma membrane specifically prevents the phosphorylation of aKt and probably other proteins, thereby terminating insulin signalling (yang et al, 2008) . in pancreatic β-cells, glucosamine can inhibit insulin secretion, and treatment with the non-specific inhibitor of O-glcNacase, streptozotocin, has toxic effects, whereas the more specific O-glcNacase inhibitor, pugNac, induces insulin resistance in adipocytes and skeletal muscle cells. pugNac and streptozotocin both mediate an increase in the intracellular level of O-glcNac-modified proteins. a similar mechanism has been recently described for hepatic cells, in which chronic exposure to glucose or glucosamine results in an increase of O-glcNac modification of crtc2, its translocation to the nucleus and the transcription of genes involved in gluconeogenesis. this process might lead to insulin resistance (Dentin et al, 2008) . although these experiments need to be interpreted with caution, they strengthen the view that increasing the level of O-glcNac modifications correlates with the development of insulin resistance, which is a characteristic of type ii diabetes (Love & Hanover, 2005; zachara & Hart, 2006) . there are indications that O-glcNac modifications also have a role in alzheimer disease (Dias & Hart, 2007) . Higher levels of O-glcNac can be detected in brain tissue and several proteins involved in neuronal signalling are modified with O-glcNac. among them are the β-amyloid precursor protein, clathrin-assembly proteins and neurofilaments. in the brains of patients with alzheimer disease, hyperphosphorylated tau protein was modified by O-glcNac to a lesser extent than in healthy individuals (Dias & Hart, 2007) .
Various groups have shown that some oncogenes and tumour suppressors are targets of O-glycosylation, including the SV40 t antigen and c-Myc (chou & Hart, 2001 ). a detailed study of the tumour-suppressor protein p53 identified the sites that were modified by O-glcNac (yang et al, 2006) . the same study also showed that O-glcNac modification protected p53 from degradation much more efficiently than the modification of the same residue by O-phosphate (yang et al, 2006) . Finally, tumour cells have an altered glucose metabolism that is expected to produce changes in O-glcNac levels and to affect different signalling pathways (Fig 2) .
The role of O-GlcNAc in the immune system
initial evidence for the occurrence of O-glcNac protein modification during lymphocyte activation was published in 1991, when Kearse and Hart showed that both concanavalin a and phorbol 12-myristate 13-acetate (pMa)/ionomycin treatment of t cells lead to a rapid increase in nuclear and cytoplasmic O-glcNac glycoproteins (Kearse & Hart, 1991; table 1). around a decade later, the transient O-glcNac modification of the nuclear factor-κB (NF-κB) transcription factor was described ( James et al, 2002) . More recent work has confirmed that another important lymphocyte transcription Knockdown of Ogt with small interfering rNa (sirNa) showed reproducible and significant inhibition of t-cell activation, at a level comparable with that observed after the inactivation of the t-cellspecific tyrosine kinase Lck, which is required for t-cell activation and reprogramming. this initially surprising observation was confirmed by findings showing that activation of the tcr and Bcr promoted Ogt-dependent O-glcNac modification of NFat and NF-κB (golks et al, 2007) . the requirement of the active Ogt enzyme for productive t-cell activation is consistent with the decrease in the total number of cD4 + t cells observed in mice carrying an inactivating t-cell deletion in the Ogt gene. the reduction of t cells in these transgenic animals was a consequence of an increase in apoptosis (O'Donnell et al, 2004) . the abortive activation of t cells leads to anergy and apoptosis, implying that in the absence of Ogt, an important component is missing for the progression of the reprogramming of lymphocytes. the role of Ogt is probably restricted to mature lymphocytes, as no defect was observed in thymocytes, which have not yet undergone positive or negative selection.
in Jurkat and human primary t cells, shortly after tcr stimulation, a large increase of O-glcNac-modified NFat can be detected, within 5 min in the cytosol and within 10-15 min in the nucleus. the transient increase of the level of modified NFat lasts for 5-15 min after tcr stimulation and then decreases sharply. these preliminary results indicate that the turnover of O-glcNac modification, at least in lymphocytes, is controlled by a specific signalling pathway downstream from tcr signalling, and that it is not solely dependent on the glucose/uDp-glcNac level.
the hexosamine biosynthetic pathway (HBp), which uses up to 1-3% of the total glucose in the cell, is known to have a regulatory function in cells. its main end-product uDp-glcNac is a substrate for many glycosylation processes. uDp-glcNac is also the substrate for Ogt. When glucosamine is added to cell-culture medium, the O-glcNac levels in the cells increase (parker et al, 2003; Vosseller et al, 2002) . cells of the immune systems undergo large changes in their metabolic rates, in particular when they are activated by 'danger' signals. Some of these cells enter a phase of extensive and rapid cell proliferation. this results in changes in the . Neutrophils are components of the innate immune response towards infection as well as tissue damage. a change in signal transduction leads to cytoskeletal rearrangements and migration of the neutrophils to the site of inflammation. in addition, as the HBp system is expected to be affected at sites of inflammation, changes in the level of uDp-glcNac and, consequently, in the level of O-glcNac-modified proteins might influence this process. the same group published data indicating that O-glcNac signalling affects neutrophil motility (Kneass & Marchase, 2005) . increased levels of O-glcNac in neutrophils correlate not only with an enhancement of motility, but also with higher activity of the mitogen-activated protein kinases p38, p44/42, MKK3/6 and MEK1/2. these results are mostly based on the inhibition of O-glcNacase using pugNac or the increase of O-glcNac modification using glutamine, and still require confirmation using more specific tools. a recent study showing that the cellular re-localization of Ogt responds quickly to a pi(3)K-dependent increase of ptdins(3,4,5)p 3 clearly points to the presence of mechanisms that allow the cell to rapidly raise the level of O-glcNac-modified proteins (yang et al, 2008) . it will be important to test whether similar mechanisms are in place in lymphocytes, and, if so, whether they are responsible for the effects on NFat and NF-κB on tcr or Bcr stimulation.
Conclusions and future directions
a factor that has hampered the progress of O-glcNac signalling research has been the limited availability of tools to detect O-glcNacmodified proteins. there is also a need to develop better methods to identify the sites and to quantify the extent of O-glcNac modifications. Specific and effective inhibitors for O-glcNacase and Ogt are needed to expand our understanding of the physiological role of O-glcNac cycling. recent evidence based on work with lymphocytes indicates that Ogt might be activated not only by the changes in the concentration of cytosolic uDp-glcNac, but also by other mechanisms that need to be better defined. Ogt can be activated by depolarization-dependent phosphorylation (Song et al, 2007) or, by binding to ptdins(3,4,5)p 3 , it can be recruited to the plasma membrane where crucial enzymes involved in insulin signalling are located (yang et al, 2008) . these findings represent a new paradigm, which implies that O-glcNac modification can respond to rapid changes in intracellular signalling. it will be important to verify whether the same mechanisms are also involved in tcr-dependent and Bcr-dependent O-glcNac modification of NFat and NF-κB in lymphocytes. Future work should focus on how the enzymes that are involved in O-glcNac cycling are regulated, and on which additional signalling components are involved (Sidebar a). as indicated by the recent work in lymphocytes, Ogt forms protein complexes with NFat and NF-κB, but it is not known whether additional cellular components, such as scaffolding proteins or other enzymes, are also present in the complexes (golks et al, 2007) . the analysis of O-glcNac modification and its regulation will certainly provide new insights into the pathology of diseases such as diabetes, neurodegeneration and cancer, and it will also improve our knowledge of lymphocyte activation, providing potentially new and exciting ways in which to intervene in diseases stemming from defective immune regulation, such as autoimmune diseases. Future research efforts should be aimed at better elucidating the crosstalk between phosphorylation and O-glcNacation, as well as the effect of O-glcNac modification on protein stability, enzymatic activity and cellular localization. rEFErENcES
